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ABSTRACT

As mo:sture—relared problems mcreasem homes, the need
Jor sensors to aceurately: measure the moisture level in the

building envelope grows. Sensors are needed to assistin model
verification, to indicate the gffectiveness of moisture. abate-

ment steps, .and to warn.of potential moisture intrusion. The

most popular sensors currently used by building scientists are
those based on electrical resistance, buta,
isfaction: exists with this technique. ]nstallanan ‘of - these
Sensors. is. dgﬂ?cult drift in the respense; causes transient

changes in the measurements, and, calﬂbmuan hasproventobe .,
a challenge. Numerous technigues Ppromise better accuracy, -
and easier use than the electric rwistunce probes, butworkis -
needed 10 produce a sensar small enough 1o fit unobtrusively . 1he moisture content is given by the relation,

in a wall cavity. This. work has identified many existing tech- -

niques for measuring moisture and pre.sems advantages and
disadvantages of each.

INTRODUCTION

Building practitioners have d sxgmﬁcant need for in situ
moisturé content sensors t help alleviate the problems‘asso-

ciated with excess moisture accumul#tmn in buildings. Such

problerns can ‘lead to mold and mildew growth, structural
decay, loss of thermal integrity, and ;iest infestation. Numer-

ous theoretical models have been propcsw to pred:ct thetrans+
~ fer of moisture in buildings, and acciiraté sensors are needed -
as a research tool to verify the results of thése models, ‘espe-

cially ‘when new types of construction of materials are
proposed. Sensors are also necessary as afieldtool to judge the
effectiveness of moisture abatement steps taken in structures.

The ultimate use for moisture sensors would be as a predictive
toolin a “smart” homethat would mdwate moisture andmalies

tdeal of dissat- |

: Wwet
. Wdry

| so that adjustments could ‘be made to the heating and ventila-

tion systems or repairs could be made to prevent any further

N probfems

The term “mmsture content” rei‘ers to the amount of water

‘ preseﬂt in a solid material. The amount of water present in air,

on the other hand, is mdxcated by such quantmes as the relative
humxd:ty, ‘humidity ratio, or partial pressure of water vapor.

" The standard test method for measuring the moisture content

of wood is documented in ASTM D 4442 (ASTM 1992) and -

1SO 12570 (ISO 2000) and is representative of a typical
method for all building materials. In this method, the weight

of the specimen at the moisture content of interest is compared
to the weight of the: spec1mcn after it has been dried in an oven..

- MC r?t-—%—ﬂx 100, , 633

dry
where"
MC = moisture content in percent, -
= . mass of the specimen before drying,
= mass of the dry specimen. v
The wood specxmen is placed in an oven maintained at

- 103°C # 2°C. At higher temperatures, it is believed that
“constituénts other than moisture will be driven from the spec-
‘imen, thereby changmg the dry miass of the material and
providing a biased estimate of the moisture content of the
‘specimen. ‘For other building materials, lower temperatures
‘may be necessary because of changes to the structure of the
‘material at 103°C. For example; 1SO 12570 suggests a drying

temperature 6f 70°C + 2°C for some cellular plastics and a
drying temp'eratur’eof 40°C+£2°C fofmate’rials‘in which water
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of cryst allization is driven out at 105°C eg., gypsum. ASTM
C 472 (ASTM 1999) also addresses drymg of gypsum and,

‘gypsum plasters and recommends a drying temperature of
45°C & 3°C. For moisture content measurements, ASTM esti-_
mates thiat the precision can be no greater than +1% MC using

"the proc dure unless specimen vanabxhty and oven variability

are exa
3% of the true value (i.e., the error between the measured value

and: the actual value dwrded by the actual value is within 3%).
A mod fication to the oven drying techmque that is not
mentior d in the ASTM document but that has been employed
hers is the use of desiccant in place of an oven for
_ 'drymg( chards etal. 1992, Thomas and Burch 1990) Some -
ent exrsts as to whether oven-drymg removes vola-:
tile compounds other. than water, even at the temperatures

by resea

drsagree

specrﬁ in the ASTM standard, For this reason, some (Rich-
ards et al, 1992; Thomas and Burch 1990) have placed the
, specrme ina des:ccatmg jar to remove the water, The use of

' desrccat on, however, raises questions as 10 whether al] of the -
water is removed from the specimen. The relative humidity in

a jar with  calcium chloride as the desiccant is 1.4% (Thomas

‘and Burch 1990). Though
comple ly eliminated from the air surrounding the sample

" and, hence, moisture can still be present in the sohd at eqm- :

librium cos drtions. ‘

_An in situ morsture sensor for burldmg envelopes has
several requirements. First ‘as with any sensor, it must be non-
intrusive|.For applications inside a wall cavity, this require-
mient calls for sensors that are very small so that the construc-
~tionis noy altered and moisture transfer is not affected by the
sensor. Remote readings of these in situ sensors are necessary
because it is not practical to remove sections of construction

~ togetto the sensor. Leads will be needed from the sensor to the

central monitoring location unless wireless transmission capa-

bilities &
small so that the construction is not affected and durable so
that nei er ‘damage during installation nor degradanon over
time occurs. The ideal sensor system should be totally auto-
mated to remove the tedious task of manually taking readings
from each sensor. To accomplish this task, the sensor should
" be capable of bemg incorporated m a mu]trplexmg system

Low cost per sensor will be vital in sensor development as
ment points are needed throughout a building.

many 1
Since moisture problems can arise in many areas of a building

envelope, an array of sensors will be needed to diagnose any

unwanted moisture intrusion. The large number of sensors
needed per application would eliminate any sensors that have

" a high cost per sensor. Fmally, the ideal sensor needs to be

3 most applications will require the sensor to be
in a structure for a period of at least one year.

durable, @
embedded

Sensors embedded in a wired house would need to be durable -

for the operational life of the home. In such an application, an

added benefit would be the ability to easily replace sensors that

malfun i ion.
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nined. 1SO estimates the accuracy to be no greater than -

' ‘rtemperat‘ures, vacu

. corrosion. So, while {l

this valueis quite low, water isnot

‘indicator of the potent
- of a material. The two

‘ mcorporated into the system. "The leads should be

_‘ture problems in build

While these requ 'rements seem severe, other parameters -

pf the measurement § stem are less restnctwe Because mois- . -

ture transport in buildings is a relatively slow process, rapid
data acquisition is nota pnonty Typical rates of measurement
will be no greater than one per hour, Since the measurement

rate is small, the sensor system will yield ‘a. manageable' |

amount of data, and real-time data processing is not a neces-

sity. The environmerital conditions that the sensor will face are.

relatively benign compared to conditions that ‘many sensors

face in industrial applications. Temperatures are limitedtoa -
range of approximately ~30°C to 45°C, ;
‘near atmosphenc pre sure These condmons wxll not requxre -

pressures will be

1, or high presSuret It-is“aliolexp‘ected B
that the sensor will not experience any significantly corrosive
hermcals in a building, though ‘moisture itself may leadto =
e restrictions for a sensor may seem
significant, the situation could be worse gwen 4 d:fferent phys- B
ical environment.
- In evaluating moj sture problems in bulldings, measure— g
ments of both the moisture content of the olid and the humid-

" ity surrounding the material are useful. Moisture content can

be used to indicate the potential for structural degradutlon and -
loss of thermal integrity, whereas humidity is often the best
ial for biological growth on the surface
quantities are intimately related because
a high humidity in the air surrounding a solid will tend to lead
to higher moisture contents in the solid. Because of the diffi-
culty in accurately measuring the moisture content of a solid,
researchers have often used measurements of humidity in
place of moisture content measurements. Functional relation-

 ships can be used to translate these humidity measurements to

moisture content. While details of these techniques will be
presented later, it should be noted that humidity measurements

in themselves are more appropriate for certain uses than mois-

ture content measurements. For example, the International
Energy Agency published guidelines that suggest that the
surface relative humidity levels should be maintained below
80% on a monthly mean basis to prevent mold growth (IEA
1990). To properly develop instrumentation to prevent mois- .
ings, development of improved mois-
ture content sensors for solids should be accompanied by
efforts to develop improved humidity sensors for monitoring
the potential for biological growth on wall surfaces and at crit-

~ jcal interfaces within a building envelope.

Two key reviews of techniques to measure moisture in
building envelopes have previously been published. Whiting
(1983) provided an in-depth discussion of the available tech- -
niques for measuring both the moisture content of solid mate-

- rials and for measuring humidity. as it pertains to building

construction. The author concluded that instrumentation for
measuring the moisture content was insufficient, and the most
promising techniques involved the use of electrical capaci-
tance and nuclear magnetic resonance. TenWolde and Cour-




vil

mentation in buildings: Thepurpose-of the present discussion

is to expand upon these works and indicate changes that may
980s. Surprisingly, many of the
ods that were used at that time are still the. predominant
s of measuring moisture today:: While the building

have occurred since the mid-

science community has not adopted many new. ;echmques,
othe mdustnes have gontmued to devahop moxsture measure-

soljds. Wang (2000) recently descn‘bcd dlﬂ‘erent technolog:es ‘

that are prevalent for measuring the moisture content in ceram-
ics, Some of these ideas may be appltcable to in situ moisture
megsurement in building envelopes. The: following discussion
describes several techmqucs that arecurrently used to make in

situ measurements of moisfure or that could possibly be mdop.’ b
porated in sensors of the future, T blelsunnnanzesthcadvan- ‘
tages and disadvantages of all of the techniques that are

dlsufssed. - o ;
MOISTURE MEASUREMENT TECHNIQUES

Gravimetric Plugs e ,
As mentioned previously, the most direct way to measure

moisture content is through gravimetric means. Numerous
reseprchers have incorporated this tecfmlque in studies. The -
technique typically involves insertion of removable plugs that :

are periodically taken out of the wall. These plugs are weighed
ediately upon removal and.are then placed in an oven to

need ed for each measurement 'I‘hrough the use of Equation 1,

e 'édvantage; of »this techniqﬁe is ‘that it is a dirdct
ﬁ ¢ of the moisture content. «lfthc pres@u}‘ibgd methods a;ré

ous

surrounding materistand the plug, and the fit between the two

234

(1985) also reviewed instrumentation for measuring!
moisture in building envelopes. They epmmented that-more
knowledge was needed of the actual-performance of instru--

‘s specified in ASTM D 4442. Alternatively, thg dry mass ‘

. .simple DC ¢ircuit .
i resistance can easily be measured by common equipment.

( mg material.

_thermistor inputs

Jbuilding materials
. instruments weré first described by James (1963), and their

will likely degrade as the plug is removed and reinserted. Does

- this. gap:change the. moisture performance of the wall? For

example, does th ‘gap provide a channel for liquid waterto
flow? Does the gap minimize capillary transfer from the wall
to the plug? In a dition to compromising the hygrothermal
integrity of the wall, these factors may result in the moisture

content of the sensor being different from that of the surround-

Thermal Capacitance

The presence of water in a material w1ll change its thermal
transmlsswn and storage properties. Simpson and TenWolde
(1999) give relations for the thermal conductivity (k) and heat
capacity (c,) of wood as a function of moisture content. These
equations md:cat that % increases lmearly with moisture
content, while heat capacity increases with moisture content
according to a more complex formula. These changes in prop-

_erties can be used to indicate the moisture content of a mate-

rial. Dougherty and Thomas: (1992) describe an in situ:
measurement of the thermal conductivity and thermal diffu-
sivity of insulation that uses a self-heating thermistor. The
short pulse of heat into the material and
then measures the| transient decay of the temperature, This
transient profile can be used to determine both properties
according to the model of Balasubramaniam and Bowman
(1977). Woodbury and Thomas (1985) used this technique to
measure the thermal conductivity of wet insulation. Before
these works, Hagemaier (1970) measured the heat capacity of
insulation to determine its moisture content by placing a ther-
mocouple on its surface and flashing the specimen with infra-
red heating. :

These techniques can be easily applied to in situ measure-
ments since the instrumentation is small and affordable. Ques-
tions of accuracy arise, as Dougherty and Thomas found large

- uncertainties in their measurements depending upon the cali-
- bration of the instru

ments- and the ‘packeging of the ther-
mistors. Other tec niques for measuring these properties in -
situ may provide better means of determining the moisture
content.

" Electrical Resistance

The most popular technique for determining the moisture
content of building materials is through measurements of the -
electrical resistance of the material. Dry wood, for example,

has a very high electrical resistance, but the addition of water

to wood drastically decreases the resistance. By creating a
t-includes the material of interest; that

Many commerciaily available probes utilize this property of
provide the moisture content. These

use is described in ASTM D 4444 (ASTM 1992).
The dependence of the electrical resistance of wood with.

- moisture content can be modeled with a relationship provided

by Carll and TenWolde (1996). They found that the logarithm

1
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TABLE 1 :
Summary of. Moisture Cdntem Sensor Technologies

. : " Advantages : : Disndvantagu B 1
| Direct means of measuring MC {Labor intensive ~ not conducive to [
_|Accurate and repeatable -automation - ‘

S . Destructive measurement -

T IO oL ‘Lack'ofcontinuityinwall,
itance - |Simple and affordable Questionable accuracy
: “Simplye; inst.a‘ilation Nonlinear relationship betweenmolsmre
. L , and thermal diﬂiasw:ty
R ngmﬁcant msltmty ofresxstance to Severe sensor to sensor vanabilxty
vl ‘MC.~ . ; ~ Requxm in situ calibratlons for greamt '
| Simple mstmmentauon accuracy
- Low cost. Changes in contact between sensor and
material over time affects measurement
‘{Electrical interference :
: S v ' Destmctxve (pha—probes)
aes- | Good sens:tivity of meterial i sttnbuted meaaurement location
7oL capacitance to MC Susceptibility to electrical nioise
. |Simple electronics : o
e : Namdestmotmmbos : e S
|Infrared techniques . |Noncontact measurement . |Surface measurement — unable to detect-
Lo T Acurate i  MC below surface, excess surface
Insensmvc to electncal noise | " moisture skews results
' Aging of surface could change reﬂectance
independent of MC
Expensive -
. il Challenge: ofmultiplexmg
' Microwa'v&' i Accuracy Difficult to construct
G Aﬁ'ordabllzty of compenents ' Distributed measurement
S Nondemucuve R
[Nuctear magnetic reso- | Accurate Cost
napce Direct detection of water. Size - difficult to develop small in situ
: ' |Can differentiste between different probes
» . ' states of water -
Nuclear scattering | Direct detection of water Safety _
‘ e n o |Packaging for in sxtu sensor
1Cost -
L : ST - |Resolution
 |Humidity sensing | Existing technology Drift
R Small sensors’ Uncertainty in sorptaon 1sotherm
Indicator of mold growth potentxal ‘ Instability at high RH
- |Small erfors in:RH lead fo large errors in -
1t . MC athigh MC. : .

of the resn#tance is lmearly dependem wnh the loganthm of

moisture content. The resistance is also dependent upon the
80 temperature corrections are needed to prop- -

tempem e, 801
erly estimate the moisture content from resistance measure-

ments. In‘iwddltron to the -temperature dependence, the
resistance will deperid upon the wood species and the direction
relative to the grain. The resistance paralle] to the grain is
approximately half that across the - grain (Simpson and
“TenWolde 1999). The technique can typically be used for

mcﬁsture contents ranging from approximately 6% uptothe

‘ ﬁbm' saturation point. :

Commerclally available probes of thls vanety typwallyv

,use‘ two metal pins as electrodes that are driven into a material.

If the pin is insulated up to its tip, then the resistance measured
is that across a direct line between the tips of the two pins. By

‘inserting the pins to different depths, one can obtain the mois-
ture profile at different locations within the material, If the pins
-are not insulated; however, the resistance measured will be the
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lowest resistance between the two shafts making up the pins

A problem could occur, for example,df the surface moisture | .

level is significantly higher than the moisture content within

the material. In this case, the surface moisture wouldleadtoan |

errdmeous elevated reading.

A typical use of these probes is described in Tsongas and |

Nelson(1991). Other researchers have made their own sensors

by attachingelectrodes toa mateml with electrically conduct-

ing epoxy (Burch et al. 1995; Zarr et al. 1995; Rode and Burch
1995); At the comlusion of their tests, Zarr et.al. (1995)
checked all sensors in a chamber of fixed humidity and found
that variability between sensors was. quite large before cali-

bramon corrections were applied, In 23 sensors tested on sugar ...
- to 30 times as great as that of wood, s its presence will affect

the overall capacitance of the material. Numerous hand-held ‘
.. meters are commercially available that use this property to -

pine samples inserted in a chamber of fixed relative humidity,
the standard deviation of these measurements was as high as
2.62% MC over the range studied, with the standard deviations
increasing. with moisture content.. Cleaxy (1985) created
- custom-made pin probes by hamm silver-plated nails

into wood members and attaching an chm-meter to these.

probes. The resistance technique was alsoused by. Samuelspn

(1991).t0 meagure the presence of moisture on a surface. In
. mates of the moisture content, but it cannot be used to pinpoint

‘the moisture content at 2 particular location because the

this wwork two wires were set in paint parallel to each other,

and the resrstance between these wires indicated the presence Nt

of mowt‘ute

A varisnt of thns type of sensor mshe so-called “Duﬂ”
probe; or matchstick probe, initially desoribed by Duff (1 966).
Metal electrodes: are attached to oppesne faces of a small
block of wood. The:resistance of this piece of wood is moni-
tored after it is placed in a building cavity. By matching the
wood in.the sensor to the wood in the building cavity, the

sensor’s:moisture content will closely match that of the mate- -

rial of interest. Duff claims an accuracy within 1% MC, but
that value was. obtained after eliminating sensors that were

deemed to be inacgurate. The gensor can also be.usedas a |-

humidity measuring device owing to the, relationship
described by the sorption isotherm. The accuracy of this probe

TenWolde (1996). They found that the error can be limited to
+10% relanvc humxd:ty with careful cahbranon, a rather large
error cdmpared to otherrelative hm!mdxty sensors. Two studies
that have used the matchistick probes are t‘hose by Hatrje et al
(1985) and Rose (1992)

The eleetncal resistance method is the predominant

means of measuring the moisture content in buﬂdmg matenals ,

because of the sxgmﬁcant sensitivity of res:stance to mmstur
the low cost of the instruments, and the snnphcxty in using

method, Problems have arisen w1th this techmque, however ~

Repeatabzhty between sensors has been poor, often leading to

the reqmremem that in situ cahbratxons be carried out to .

ensure accurste results. Other problems that have occurred
relate to the electrical nature of the measurements. Voltages
from other sources, mcludmg other measurement devices,
could dwrupt the signal from the moisture sensor. Noise can
also be picked up readily in the long wires needed to transmit
the resistance values from the measurement location. Over
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_time, the stability. of the measurements is also in question

because of physical changes in the material and the probe.

_ Contact between the sensor and the material can change over

time, and changes in the distribution of salts in the material
will change the resistance independently of mo:sture content.

Dielectric Properties

The other popular method for measuring the mo:sture

_content in building envelopes involves the electrical capaci-

tance or dielectric constant of the building matenal (the dielec-

tric constant is the ratio: of the capacitance of the material to the

capacitance-of vacuum). The capacitance of water is from 10

- ¢stimate the moisture content in a nondestrucnve manner. The

 meter typically consists of two pads that are placed agamst the

wall. The material in the wall forms a capacitor in a circuit
between tl;e pads that is l'nghly sensitive to the moisture
content of the material.. Such a probe can. provxde rough esti-

measurement location s not precise. All materials in the vicin-

ity of the sensor will affect the reading; so it is difficult to
‘pinpoint the exact source of a high or low measurement.

Factors such as surface moisture can disturb the reading, so
readings of the moisture content of interior components of the
wall are prone o eagmﬁcant error. Knab et al. (1981) reviewed

\ these sensors and found that their accuracy for measuring
moisture content- was low compared to those of infrared

sensors and nuclear$ensors. ‘Capacitance meters, however, are
very uséful in detecting serious mmsture problems such as’
leaks in walls and roofs -

Some researchers have attempted 10 create an in situ

. sensorbased on the capacitance of the material. Courville etal.
for measuring relative humidity was discussed by Carll and. |~

{1989) made a probe with two parallel rows.of 12 pins each
that could be inserted into a material, The capac:tance across

,these TOWS. Was measured to determine the moisture content of
insulation; the researchem estimate that the probe can measure
. moisture conten;s up-to 30% volume fraction for fiberglass

. and 40% volume fraction for phenolic foam with an uncer-

tainty of 10%. In this work, Courville et al. also discuss a

methodtouse embedded thermocouples tomeasure the capac-

itance in the material. In this technique, the thermocouples can

be used both for temperature measurements and for moisture
measurements Cunningham (1986) devised a combination
moisture, sensor for wood that measured capacitance when
moisture contents were above 25% and measured electric
resistance for moisture contents below 30%. In the region

. where capacnance is the sole method of measurement, the
f ;wood is likely beyond the fiber saturation point. This study

suggests that the capacitance method is not as effective below
ﬁber saturation since the resistance method was used predom-

‘ mantly in that region. Eller and Denoth (1996) and Valente et
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al. (1998) \also descnbe in sxtu capacmve sensors that were
used to measure the moasture content of soil and wheat,’
Another technique that ut:hzes the shift in the dielectric
constant of a material with moisture is time domain reflecto-
metry (THR) In this technique, an electrical pulse is sent

downa metal rod and reflects back when it reaches the end of

the rod. The travel time of the pulse is dependent upon the
.capacitance of the surrounding material. By eembedding this

“probe into the material of interest, the capacitance of the mate-
- rial and, hence, the moisture content of the material can be

" measured, Numerous commercial sensors utilizing TDR are

available, most of which are targeted to agricultural applica-

tions: The \pmbes are typically long to provide a sufficient

travel time for the signal, and the measurement of moisture is
averaged cMsr the length of the probe. Localized measure-
ments would require a smaller probe, but the resolution of the
sensor may not be as great because the sxgnal-to-noxse ratio
may be small with the short travel time of the pulse. Flanders
and Yanlue!un (1997) used this technique to detect moisture in
roofs but dnﬂnot obtain discrete measurements of the moisture
content. Discrete values of moisture content in wheat samples
were obtained by Hamid (1992). ‘The benefits of such an
instrument are the low cost and snnphclty of the measurement
device. The disadvantages include the size of the sensor and
the dlfﬁculty in obtammg Jocalized measurements.

lnfrared Technlquu

Infrared techmques have commonly been used to detect

~ moisture accumulation in walls and roofs as well as thermal
gaps in a building envelope. For moisture detection, these

“technigues Wp:cﬂly rely on the change in thermal capacity of
a material with water content as the indicator of moisture.
Tobiasson et al. (1977) and Korhonen and Tobiasson (1978)

describe one such roof moisture survey that was undertakento

detect the presence of water: rather than obtain quantitative
values of the moisture content. An infrared camera was used
at night to detect any thermal anomalies in the roof. Wet mate-
rials inthe rbof remain at a higher temperature longer because
ofthe thenm] capacny of the water. This elevated temperature

can be detected using an infrared camera. Such a technique is -

not apphcable to in situ measurements unless the data acqui-
sition from the camera is automated. Additionally, surface
features of the wall or roof seriously affect the signal, making
discrete medsurement of moisture content of the matenals on
the inside of the wall difficult.

An altemative use of infrared radiation that more d:rectly
measures the moisture content of amaterial is used extensively

in various process industries. Water molecules selecuvely :

absorb three distinct wavelengths in'the infrared region of the
electromagnetic s 2738107 m, 6.:270:10”7 m, and

2.662.10°" (Wang 2000) By shining Jight on a solid and
measurmg !he reflected light, one can determine the amount of
moisture inthe material. The intensity of the light at the three
particular wavelengths can be correlated to the moisture
content of the material. For thin materials, one may be able to

ASHRAE Trangastions: Fessaroh

. mdasure the amount of light transmitted. by the i'natenal'te

detect the moisture content, but such an amangement would

" necessitate sensors on two sides of the specimen. The infrared

reflectance technique allows.a noncontact measurement of
maisture content, and many eommercml products are avail- -

, ablb for use in process industries.

| The major disadvantage of infrared reﬁectance is. the fact .

 that it is a surface measurement, and surface effects could
‘ mterfere with results. No information can be obtained about -
 themoisture content below the surface without ‘bormg into the

‘ specxmen Addmonally, if the surface changes over time, the

opmcal properties of that surface could be affected, leading to ‘

 drift in the measurements. This problem is inherent in many
intensity-based optical measurements. ‘One way. to work
" around this problem is to analyze the attenuation of botha
" wavelength that is absorbed by water and one that is not. The
attenuation of the wavelength not absorbed by water will
_provide an estimate of surface effects that are not related to
- moisture and can be used to adjust the meagurement fmm the
s wavelength that is tuned to water molecules. s :

'No attempts to use infrared reflectance for makmg in e:tu :

. measurements inside building cavities have been found in the
; htefature It may be possible to use optical fiber to deliver light

to q spot inside a wall and to use the same fiber to detect the.

reﬂected light. The reflected light could be analyzed to yield
a mbasure of moisture content. To obtain a sufficient amount ‘

-of light however, a bundle of fibers is needed since the inten- . '

s1ty\from a single strand is currently insufficient for detection.

'Additionally, special fiber is needed that allows infrared light -
to pass without unwanted attenuation. If this technique were to
‘become viable for in sith measurement in building cavities,

techniques to multiplex many sensors would need to be devel-
ooped to minimize the number of light sources and detectors
needed, and technigues to deliver light efficiently to and from
the fneasurement location would need to be mvesngated

Mlcrowave

M:crowaves cquld be classxﬁed as a teehmque that
utilizes the change in dielectric properties of the material to
determine the moisture content. The two methods have been
separated in this discussion because of differences in the
specifics of operation. One way in which microwaves could be

E used to determine the moisture content is to transmit these

waves through a material and sense the attenuation or phase

_ shift of the wave on the other side of the material. Such a

configuration would require sensors on both sides of the mate-
rial of interest. A better method for makmg in situ measure-
menis involves the construction of a microwave resonator. By
includmg this resonator in a circuit, one can determine the
moisture content because the dielectric constant of the
surrqundmg material affects the resonance of the microwaves.
The dielectric properties of the material affect both the phase -
of the resonance and the input resistance of the circuit at reso-
manck If the resonator is made small enough, the measurement

of moasture content could be localized. While no ev:dcnce is
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found of this techiique being used:to measure the moisture

content. of building: snve}opu, nuiméroiis resedichers have

developed these devices to measute the moisture content of |

such materials as:sand, soil, andagrieultural products (Abeg-
aretal. 1999; bin Khalid and Hua 1998; Lasrietal. 1991;

Na tayama 1995; Nelson etal: 1992; thomehuk etal. 1990;

Yogi et al. 1998, 1999).

The ‘advantage of thls technique is the accumcy and the |

affordability of the parts to make the circuits. Reséarchers
have. claimed an gccutacy as low.as 0.1%; thorough explana-
tion .of those claims, however, was notprovided. A major
back is: ;hc difficulty in-constructing a resonator. Signif-
1canrz knowiedge of the propagation and reflection of micro-
waves within a chamber is needed to set up the resonant waves.
As wx;h other. capacname-based SENSOTS, 8 Microwave reso-
natar will provide a measure over an unknown distance into
the material. If the sensor can be made sufficiently small,
thoqgh, the size of the measured locatmn can be decreased.

Pro#on Nuclear Magnetic Rnonance

Nuclear magnetic resonance (NMR) is a technique that is |
:E:rly used in benchtop applications. NMR has the ability

t-a wide range of constituents, including water in
ent states. A magnetic field is first applied to the SDECI-

’ to d
di

men* When the ﬁeld is rcleased hydrogm nuclei in the mate-

rial gradually return to their g:'ound-level energy state. The
ener; released by these. atomsb uring decay is monitored, and

the time for the decayjs‘an indic; minfthe amount of hydro-
gen. Since each water moleculé consists of two hydrogen

atonis, the amount of hydrogen inthe sample is closely re]atcd

to the amotnt of water. This technique pl'O'VldeS accurate esti-

mations of the’ mmsture content ofa material with relatively
little noise.

NMR has been used to detect moisture content in agricul-
tural products such as wheat, corn, and other grains (Brusewitz
and Stone 1987; Cho and Chung 1997; Tollner and Hung
1 992P Tollner and Hung provide a particularly effective intro-
duction to the physics behind the measurements. Applications
have also been found in the ceramics processing industry. In
situ pllcatlons, however, would be difficult in a building due

to the size of the instruments. One manufacturer claimstohave

miniaturized the sensors, but.they are stilf approximately 85
mm in diameter with a depth:of 53 mm..The other disadvan-
tage of this technique is the hzgh cost of the instruments, The
components themselves are qultc expens:ve, but decreases in
cost Wlth mass productlon are not foreseen in the future,

Nuclbar Scattering

Scattenng of neutrons has also been used to detect the

presence of hydrogen atoms in a sample. Knab et al. (1981)
reviewed this technique for roof surveys, and Schaack (2000)
discusses a typical gauge that is used for roof surveys. A radio-
active source emits neutrons that are scattered by hydrogen
nuclei. The number of neutrons that are captured by a detector
indicates the level of water in the specimen. Despite the prom-

ise of the concept, Link and Miller (1980) suggest that this
instrument can detéct the presence of water:in a roof, but it is -
not “sufficient for measuring discrete levels of moisture
content. Knab et al., however, had more:success with measur-
ing the degree of wetness “This technique has also beenrused -
to detect moisture in toxic waste by Watson et al. (1997).

A related technique is the one discussed by Couvillion et

~al. (1992). In this work, the authors transmitted gamma rays

through'a specrmeﬁ of insulation and determined the moisture

- content by measunng the percentage of radiation passing

through the specimen. Hydrogen atoms intercept the gamma

* rays, so this method once agaif détermines the amount of

hydrogen in the spécimen. This methed is appropriate for on-

line studies, bit dpplication of a transmission technique 2s an
in situ tool is thallenging. Additionally, the use of radiation as
. a moisture:detector in a building raises safety issues. -

_HUMIDITY-SENSORS AS

MOISTURE GONTENT SENSORS
meg to. the dlfﬁculty in measunng moxsture content,

~humidity measurement has been used in place of direct mois-

ture content measurement Literature dlscussmg hurmdity
SEnsors is extenswe, anda full discussion of all techmques is
beyond the scope of this paper. Huang (1991), Wiederhold
(1998), and Roveti and Soleyn (1999) prowde excellent
surveys of typ;cal tochmqucs fo measure humidity. Some of
these technigues include dew-point hygrometers, polymers
with electrical properties that vary as moisture is absorbed,
sling psychrometers, infrared and ultraviolet hygrometers,

. electrolytic hygrometers, pxezoelectnc sensors, saturated salt

sensors, and surfhcc acoustical wave sensors. For use as anin

situ sensor in a buﬂdmg envelope, sensors that are small and

| thatcanbe operated with little human intervention are the best
; candldates Among the popular methods, polymer sensors are
- the most applicable to in situ studies of moisture in walls.
~ These sensors are typically capacitance-based sensors in

which a polymer that absorbs moisture is sandwiched between
two electrodes. The capacitance of that polymer film depends
on the humidity of the surrounding air and can be measured to
obtain an indication of the humidity. Such sensors can be made
rather small, and accuracies of +1% have been reported in

product literature. As with most humidity sensors, problems

often occur in condensing atmospheres. For those situations
where condensation can be expected, these sensors may be
irreversibly damaged Unfortunately, those situations are of
greatest interest in studies of the building envelope. These

§ensors appear to be susceptible to drift, so recalibration is

often'necessary to maintain accuracy. ,
- Several mearéhm (Hosni et al. 1999; Cunningham
1999) have embedded humidity sensors into a small cavity in

- amaterial and have used the sorption isotherms to translate the

hum:d;ty readings into a measure of the moisture content in

- theregion surroundmg that cavity. This method permits one to

 use off-the-shelf humidity sensors that are small to obtain a
 moisture content readmg Because humidity is such a widely
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o that the'sq

" mess red 'aramcwr, a tremendous range of 0ptxons exists for |
~ ‘making ’hése' measurements, and & great deal of expertise -
exists mm eﬂ‘acnve Sensors, An advantage of the use of

 humidity sensors over somé of the techniques previously - o
~_nition of the sorption isotherm. This curve is Obtained by /-

is that. thexr values do not depend upon the contact

mennoneld;

5y way to 3auge mo:smre pmblems in buxldmgs

prévxousty, many of these humldlty sensors

o’tr"anslate from relatm hmdny to moisture

.of the moisture: ‘content. I—'lgure 1 displays sorp-
i for aevemt buﬂctmg matmp}s Near RH = 50%,

Kem because the curve 13 ﬂat At h:gh RH,
 howevet, the same error in RH would lead to a substantial error
in the moisture content given the large slope in that region.
‘Once again, since the high moisture content region is often the

interest, the use of sorption isotherms’ to obtain the

sture content could lead to significant errors in the read-
 ings. Another ;problem with using humidity sensors to obtain
the mmstu{re contem hes in the fact that hysteresxs leads toa

rmakcs with the solldmatenal Measurcrnent of -
science apphcatmns. Thase sensors typ:cally;f

hen the m]auve hunud:ty appwoaches ]00% ln ‘

it. This relationship is not- well ‘established for a wide
» 0 ﬁigtenaks, and significant uncertainty can exist in
unctions that are known. The functional form of the
50 pmsemis problems when trying to obtain a

rhnge of valid ‘moisture contents for each relative hurnldlty 1t
may be necessary to incorporate adJustments in measurements °

tp account for the drrecnon in which the moisture content has e L

been reached. One last drawback arises from the ongma] defi-

Fowmg a material to reach equlhbnum with an environment '

_ of known humidity. Depending on the material, this process
i ’cpuld takea significant amount of time. Thereisno guarantee. e -
: therefore, that the material surrounding the humxd:ty sensor -l
: h#s reached equilibrium with air measured by the sensor. The .~~~
~time constant of the humxd:ty change is sxgmﬁcantly smaller
than that of the moisture content change. The chamb:rmust be

sqaled nghtly forthe readmgs to have any sxgmﬁcam meamng o

Ulntd a greater understanding of the transient’ nature of the .~ -
~ sorption isotherms is obtained, translation from RH sensorsto -~
'nimsture content will héve an added degree of uncertainty. It =~ -
~ isbelieved, however, that knowledge of the transient natureof . .

 the sorption isotherms could lead to betterpredlctlons of mojs-

: tuire content from transxem humlchty measurements o

cpncn.usnon ,

} ‘The state of the art in moisture measurement in bulldmg :
elopes has changed little over the past twenty years. Elec-
tn al resnstame measurements along with’ measurements of

- thq: capagitance of the material are the dominant means of
determining the moisture content within a wall.'While many

teéhnologaes are used in other industries for measuring the

3 mcpxsture <content of various solid substmces, ne major effort
~ has been undertaken to find better methods for measuring the -

" cient for many applications, but advances in. modeling the
: mchlsture transfer in buildings have spurred the need for more -
ac¢urate sensors. ‘

j»,rsture in buildings. Conventiorial methods may be suffi-

—— Cellulose

$ |~ Fiberboard _
P |~ Gypsum board

-a- Plywood

]~ Sugar pine

Relative Humidity (%)
. |

- Figure 1 Sorption isotherms for selected materials,




' The technologies used in other industries may provide -
ideas for innovative senisors for the building science commu- |

nity, The challenge in adopting these methods will be in pack- |

aging the sensor so that it.can be instalied with little effort, |

cost, and destruction to the structure. The continued develop-

ment.of sensors: on integrated circuits could likely lead to a -
sensor that would meet the requirements of size-and cost, Such i

sen$ors may be able to incorporate the techniques developed
for other industries on a much gmauer scale package. Integra-

no of wireless communwatlon technology would also benefit
ilding science community by easing mstallatlon of the

sengors in buildings. While the use of humidity sensors to |
detect moisture problems has promise, direct measuremeng of |
the moisture content within solids should not be neglected. To
achieve such measurements the various techniques that hdve ‘
beeni discussed here may play a pivotal role in sensors that. are |

accurate, reliable, and easily installed.
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